Polysaccharides are normal constituents of all microbial cells. Interest in extracellular microbial polysaccharides has increased in recent years due to an increasing worldwide consumption of gums, a shortage of plant gums, and the commercial success of xanthan gum (5, (12) (13) (14) (15) 22) .
Levans are defined as poly-D-fructans in which the predominant glycosidic linkage between the monomeric units is ,B-2--6 (11, 16) . Levans are branched-chain neutral homopolysaccharides like dextrans (15) . Low-molecularweight levans are abundantly found as reserve carbohydrates in plant tissues (1) . Levan polymers of high molecular weight (1 x 106 to 100 x 106) are formed as extracellular polysaccharides by many microorganisms including strains of Actinomyces, Xanthomonas, Pseudomonas, Streptococcus, Bacillus, Acetobacter, and Corynebacterium species (1, 3, 6, 8, 15, 19, 21) .
Levan is synthesized from the disaccharide sucrose by the action of levansucrase. As with dextrans, biosynthesis can be readily accomplished by using cell-free extracts. Unlike dextrans, the levan-forming reaction is reversible; i.e., levan and glucose can be converted to sucrose (1) .
Most levan-forming systems, either growing bacterial cultures or cell-free enzyme systems, have been shown to produce fructose and a series of oligosaccharides in addition to glucose and the polymer (1) . It has been observed that many levan-forming microorganisms produce other enzymes that degrade the polymer (1, 2).
Aqueous solutions of levan are very viscous and opalescent (1) . However, viscosities are lower than would be expected for a polymer with such a high molecular weight (15) .
Levans are readily hydrolyzed in acid solution. Purified levan is not antigenic and levans of molecular weights between 30,000 and 100,000 can serve as blood plasma expanders. Levans have physical properties similar to dextrans, and suggested uses for them have been similar to uses for dextran, e.g., plasma volume expanders and crosslinked levan used as molecular sieves for gel filtration (1) . Rheology studies on levans have not been reported.
The Peoria Laboratory of the U.S. Department of Agri-culture, which carried out the initial microbial research on xanthan gum, has done developmental work on polysaccharide production by various arthrobacters (18) . There has been considerable interest in several of these polymerproducing strains, including Arthrobacter viscosus NRRL B-3225 and NRRL B-1797 and A. stabilis NRRL B-3225 (9, 14, 20) . These polymers are extremely viscous in aqueous solution and are relatively insensitive to changes in temperature, pH, and salt concentrations. Their broth properties are somewhat similar to those of xanthan gum and proposed uses for them include many of the same applications. Chemically, they are heteropolysaccharides containing glucose, galactose, and mannuronic acid, glucuronic acid, or acetate, or some or all of the last three. An Arthrobacter sp. (C-312) isolated as a contaminant on a sucrose-glucose agar plate was used in this research. This organism was found to produce an extremely viscous broth when grown on sucrose-containing medium. The polymer was isolated and characterized with respect to its rheological properties and carbohydrate content. It was found that Arthrobacter sp. strain C-312 produces a polymer that is different from the Arthrobacter sp. polymers described above, particularly as related to temperature sensitivity and chemical composition (9, 14, 18, 20 flasks was arthrobacter growth broth (AGB) containing 20% sucrose, 0.4% K2HPO4, 0.3% Trypticase (BBL Microbiology Systems, Cockeysville, Md.) 0.04% MgSO4, and 0.001% MnSO4, pH 7.0. The sucrose was autoclaved separately as an 80% solution and added at the time of use. Variations of this medium included reducing the amount of sucrose to 10% (vol/vol) (to reduce broth viscosity) and substituting 20% glucose or fructose for sucrose. Shake flasks were 500-ml dented-bottom flasks containing 200 ml of medium and were incubated at 26°C and 160 rpm on a rotary shaker.
Inoculum was prepared by washing three Arthrobacter sp. strain C-312 slants with 5 ml of AGB and inoculating an AGB shake flask. The inoculum was grown for 24 h. Isolation, purification, and analysis of polymer. The polymer was isolated by alcohol precipitation (4). Crude broth was diluted 1:4 with triple-distilled water to reduce viscosity and centrifuged at 10,000 x g for 30 min to remove cells. The supernatant fluid was decanted, and 1 g of KCl per 100 ml of supernatant fluid was added. The solution was slowly stirred as 2.5 volumes of cold reagent-grade 95% ethanol were slowly added. After stirring for 1 h at 4°C, the ethanol was decanted. The precipitated polymer was dissolved and suspended in distilled water to the original broth volume, and the purification scheme was repeated three more times. After the final purification the polymer was dissolved and suspended in distilled water to the original broth volume and lyophilized.
The purified Arthrobacter sp. strain C-312 polymer was hydrolyzed in 2 N HCI by incubating at room temperature for 20 h. Assays for sucrose, glucose, and fructose were done before and after hydrolysis. The amount of carbohydrate present as percentage of sample dry weight was determined.
Carbohydrate analysis. Sucrose, glucose, and fructose concentrations were determined enzymatically, using reagent kits purchased from Boehringer Mannheim Biochemicals (Indianapolis, Ind.).
Rheology. Viscosity was measured with a WellsBrookfield microviscometer, model 2.5xLVT, having a 30 cone (Brookfield Engineering Laboratories, Stoughton, Mass.). A 2-ml sample was used and measurements were done at 25°C, unless otherwise stated. Temperature was controlled with a Haake model FK refrigerated constanttemperature circulator with a Haake temperature programmer, model PG11 (Haake Inc., Saddle Brook, N.J.).
RESULTS
Growth studies. Arthrobacter sp. strain C-312 produced large (6 to 8 mm), opalescent, viscous colonies when grown on sucrose agar. On TGY the resulting colonies were smaller (2 to 4 mm), yellow in color, and nonviscous.
When TGY was supplemented with 2% sucrose, opalescent viscous colonies resulted. These results indicated that Arthrobacter sp. strain C-312 could use either glucose or sucrose as a carbon source, but the polymer was only made in the presence of sucrose. These observations were further investigated in AGB containing sucrose, glucose, or fructose. Growth occurred on sucrose and glucose, but not on fructose. The polymer was only made in the presence of sucrose.
Growth and polymer production was further characterized in AGB containing 20% sucrose (Fig. 1) . Arthrobacter sp. strain C-312 had a generation time, based on viable counts, of about 3 h (absorbance measurements were probably related to production of the opalescent polymer as opposed to biomass). At 40 h, about 80% of the sucrose had been consumed (170 g/liter). The glucose concentration in the broth increased for 50 h until a final concentration of 80 g/liter was obtained. The fructose concentration rose slowly and continued to rise throughout the experiment. When the experiment was terminated at 126 h the fructose concentration was about 20 g/liter. Viscosity increased sharply. At 30 h the viscosity was >10,000 cps and the broth had become a gel. By 120 h the viscosity had decreased to 550 cps at a 6-s-1 shear rate, indicating that the polymer was decomposing or was being covalently altered by exoenzymes.
The polymer appeared to have a neutral pH. Purified polymer dissolved in distilled water had a pH of about 7.0. Also, during growth and polymer production the pH of the broth remained about 6.8 even after a substantial amount of polymer had been produced. The decrease in pH observed after 30 h is apparently due to other metabolic products.
Viscosity was also lost if viscous broths were stored at 4°C. For example, in another experiment Arthrobacter sp. strain C-312 was grown in AGB containing 10% sucrose. The viscosity of the broth before refrigeration was 211 cps at a 12-s-1 shear rate and the pH was 4.5. After 6 months of refrigeration, viscosity had decreased to 25 cps at a 12-s-1 shear rate and the broth contained 48 g of glucose and 35 g of fructose per liter, accounting for most of the sucrose originally consumed. Apparently, the polymer undergoes slow acid hydrolysis in the cold.
Rheological characteristics of the purified polymer. Purified polymer was isolated from inoculated AGB after incubation for 36 to 48 h. The effects of polymer concentration, temperature, pH, and salt concentration on viscosity were examined. Figure 2 illustrates the pseudoplastic nature of the isolated polymer at various concentrations in distilled water. Figure  3 shows the temperature sensitivity of a 5% solution of the purified polymer. The temperature was raised 4°C/min. Each point was obtained by holding the temperature constant for 2 min before reading the viscosity. When a 5% solution of purified polymer (or crude broth) was heated in a water bath at 80°C for 30 min a complete and irreversible loss of viscosity occurred.
The viscosity was stable from pH 4 to 10 (Fig. 4) . Below pH 4 the viscosity decreased irreversibly. Above pH 10 the viscosity increased sharply, but returned to normal when the pH was brought down to 7.0.
The effects of salt concentration on viscosity are shown in Fig. 5 viscosity increased, the effect being more pronounced for potassium chloride and calcium chloride than for sodium chloride. Analysis of purified polymer. Solutions of purified polymer were prepared at various concentrations, in triplicate, and were analyzed for sucrose, glucose, and fructose before and after hydrolysis. Results are shown in Table 1 . The polymer contained about 97% fructose. Sucrose was not present before or after hydrolysis.
DISCUSSION
The high fructose content of the purified polymer suggests that it is a levan. (Inulins are also composed of poly-Dfructose with predominantly P-2--->1 linkages but are produced mainly by higher plants.) Levans are fructans in which the predominant glycosidic linkage between monomeric units is ,B-2->6 (2) . The linkage was not determined for the Arthrobacter sp. strain C-312 polymer.
Other characteristics consistent with the polymer being a levan include substrate dependency, high viscosity and the tendency to form gels, accumulation of glucose in the culture broth, sensitivity to temperature and low pH, and degradation of the polymer in fermentation broth.
Many levans are highly branched, which explains the tendency to gel (1, 2, 17 (1, 6) . At pH 7 the purified polymer appears to be stable at 4°C indefinitely. The amount of fructose detected upon degradation of the polymer in culture broth is rather low. As previously mentioned, the polymer is probably broken down into fructose chains of various lengths which are not detected by the carbohydrate assays. Levans are typically accompanied by a series of oligosaccharides in the culture broth (1). These would not be detected by the assays used in this study. The effect of the presence of small concentrations of such oligosaccharides in the purified polymer or crude broths could not be demonstrated rheologically; i.e., the crude broth had properties similar to those of the purified polymer.
In the 1950s, several Corynebacterium spp. were found to produce levan (3, 6, 10) . Later, these organisms were reclassified as Arthrobacter spp. As no rheology studies were done on these levans they cannot be compared to the C-312 polymer rheologically. However, they were characterized as levans and in that respect more closely resemble the C-312 polymer than the heteropolysaccharides characterized by the Peoria (National Regional Research Laboratory) group (9, 14, 20) .
The Arthrobacter sp. strain C-312 polymer has rheological properties that may be of commercial interest. The high viscosity of the polymer suggests applications as a suspending agent, stabilizer, or thickener. The viscosity was found to be stable over a wide pH range (4 to 10). However, due to the acid lability of the polymer, it could not be used in systems with a low pH (3). The increase in viscosity with increasing salt concentrations could be an advantage or a disadvantage depending on the system in which the polymer is used. The effect of salt was only examined at a 5% polymer concentration; this effect may differ at different polymer concentrations as it does for other polymers (7) .
The pseudoplastic nature of the polymer suggests many applications, including use in pourable salad dressings, pastry fillings, and water-based paints. The temperature sensitivity of the polymer would restrict use in products or processes that require both heat and a functional viscosity in the final product. The polymer would be useful in processes where irreversible loss of viscosity with temperature is desired or in cases where viscosity is only needed during processing and not wanted in the final product.
In conclusion, Arthrobacter sp. strain C-312 produces a neutral poly-D-fructose polymer the characteristics of which are consistent with it being a levan. The polymer can produce an extremely viscous solution but must be used at relatively high concentrations. Other characteristics of the polymer include substrate dependency, sensitivity to high temperature and low pH, increasing viscosity with increasing salt concentration, and pseudoplasticity. Potential commercial applications for the polymer would include use as a thickener or stabilizer or both. Commercial interest in an Arthrobacter sp. polymer is limited at this time due to its unknown toxicity and the current availability of wellestablished, highly functional commercial gums.
